Fatty acid synthase (FASN), a multifunctional enzyme that catalyzes the terminal steps involved in the synthesis of the 16-carbone fatty acid palmitate from acetyl-CoA, malonylCoA, and nicotinamide adenine dinucleotide phosphate (NADPH), 1) is highly expressed in a large number of human cancers including breast, colon, ovary, and prostate cancers.
Fatty acid synthase (FASN), a multifunctional enzyme that catalyzes the terminal steps involved in the synthesis of the 16-carbone fatty acid palmitate from acetyl-CoA, malonylCoA, and nicotinamide adenine dinucleotide phosphate (NADPH), 1) is highly expressed in a large number of human cancers including breast, colon, ovary, and prostate cancers. 2, 3) Several reports have shown that the expression of FASN correlates with tumor progression, aggressiveness, and metastasis. 4, 5) This has led to the investigation of the role of FASN and fatty acid metabolism in cancers becoming a focus for research into the potential diagnosis and treatment of cancer.
3) The functional connection between FASN and tumor progression has been provided by the discovery and design of small molecule drugs that inhibit the catalytic activity of FASN. 6, 7) Cerulenin and C75, which target the ketoacyl synthase domain of FASN, were the first small molecules to be described as inhibitors of FASN activity in human tumor cells. 3, 5) Orlistat was described another inhibitor of the thioesterase domain of FASN, which induced cell death in a variety of tumor cell lines and was able to effectively inhibit the growth of tumor xenografts in mice. 8, 9) Therefore, the strong connection between the activity of FASN and survival of the tumor cell emphasizes the relevance of fatty acid synthesis as an attractive antitumor target.
In breast cancers, a number of studies have pointed toward the potential importance of FASN. For instance, the expression of FASN in malignant breast tumors is associated with a 4-fold increase in risk of death when high levels of FASN expression occurred together with a high proliferative index. 10, 11) Additionally FASN-inhibitors have shown to decrease proliferation of cells and induce apoptosis in breast cancer cell lines. 12) The treatment of nude mice with FASNinhibitor, C75, showed an inhibition of growth of breast cancer cells without comparable toxicity to normal tissues, 13) suggesting that FASN may be a useful target for breast chemotherapy.
Herbal medicines including conventional and complimentary medicines are still prevalent around the world. An increased effort has been invested into the isolation and determination of the molecular structure and mechanisms of bioactive phytochemicals from medicinal plants, which are equally important to lead the pharmaceutical development of synthetic or semi-synthetic drugs.
14) Amentoflavone, 8-(5-(5,7-dihydroxy-4-oxo-4H-chromen-2-yl)-2-hydroxyphenyl)-5,7-dihydroxy-2-(4-hydroxyphenyl)-4H-chromen-4-one, belonging to the biflavonoid class of flavonoids, is abundant in Selaginella tamariscina (Selaginellaceae family) and has been used for the treatment of advanced cancer in traditional oriental medicine. It has also been used as an anti-oxidant, vasorelaxant, anti-HIV and anti-angiogenesis agent. [15] [16] [17] [18] Nonetheless, there has been no report on the possible effect of amentoflavone on fatty acid metabolism, which plays an important role in cancer cell death.
In the present study, we investigated the possible inhibitory effects of a natural biflavonoid, amentoflavone, on FASN activity in vitro as well as fatty acid synthesis. We subsequently studied the effects of amentoflavone as a fatty acid synthesis-inhibitor on caspase-3-induced apoptosis and growth inhibition using FASN-overexpressed SK-BR-3 breast cancer and FASN-nonexpressed NIH-3T3 normal (23 g ) was subjected to silica gel column chromatography (10ϫ30 cm) using the mixture of CHCl 3 and MeOH (90 : 1→0 : 1) to separate into ten fractions. Fraction #4 (1 g) was separated by HPLC using an isocratic solvent system of 80% MeOH to yield amentoflavone (308 mg). The purity of the compounds was Ն95% as determined by analytical HPLC.
MATERIALS AND METHODS

Reagents
Fatty Acid Synthase Inhibition Assay The preparation, storage and use of FASN from chicken liver were performed as described previously. 19) Ammonium sulfate precipitations, gel filtration and anion exchange chromatography were used for purification. FASN has Ͼ95% purity as estimated from sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) with Coomassie blue staining. FASN was incubated with reaction buffer (200 mM K-P buffer, pH 7.0, 2.5 mM DTT, 2.0 mM EDTA and 1 mg/ml BSA) at 37°C for 1 h, and added 0.25 mM NADPH, 0.4 nM malonyl-CoA, 0.06 mM acetyl-CoA, and 0.02 mCi [
3 H]acetyl-CoA, then the reaction was terminated by 60% HClO 4 . Fatty acids were extracted with 1 ml of hexane and incorporation of radioactivity into the fatty acids was assessed by scintillation counting.
Cell Culture SK-BR-3 human breast cancer cell line and NIH-3T3 mouse fibroblast were obtained from ATCC (American Type Culture Collection) (Rockville, MD, U.S.A.), and cultured in McCOY's 5A Medium and DMEM, respectively, containing 10% FBS (v/v) and penicillin (100 U/ml)/streptomycin (100 mg/ml). Cultures were maintained in humidified incubator at 37°C in 5% CO 2 .
Fatty Acid Synthesis Activity Inhibition of FASN activity in whole cells was measured by the incorporation of [ 3 H]acetyl-CoA into fatty acids. Amentoflavone was exposed to the culture medium for 24 h. After washing out dead cells, adhesive cells were collected and re-plated with the same number, then [ 3 H]acetyl-CoA (2 mCi) was added to each well and incubated for 4 h at 37°C. Fatty acids were isolated by an initial hypotonic lysis of cells in 50 mM Tris, pH 7.5, followed by extraction in chloroform : water (1 : 1) for 30 min at room temperature. Lipid phase containing radiolabled lipids was evaporated under N2 and then counted by scintillation counter.
Western Blotting Analysis Cells were lysed with 10 mM Tris, pH 7.4, 150 mM NaCl, 1 mM EDTA, 1% TritonX-100, 0.5% NP-40, 1 mM PI, 1 mM DTT, 1 mM PMSF and placed on ice for 1 h. Cell lysates (50 mg/lane) were separated by SDS-PAGE and transferred to PVDF (polyvinylidene difluoride) membrane. Blots were blocked with 5% skim milk in PBS containing 0.05% Tween 20 for 1 h at 25°C, then incubated with primary antibodies, followed by incubation with antirabbit horseradish peroxidase-conjugated IgG and visualized with enhanced chemiluminescence. Primary antibodies used were as follows: rabbit anti-caspase-3, 1 : 1000; rabbit anti-PARP, 1 : 1000; mouse anti-FASN, 1 : 250; rabbit anti-Gapdh, 1 : 2000.
DNA Fragmentation Assay Cells were plated at 2ϫ10 5 cells/ml in 12-well plates and added amentoflavone for 48 h. Both attached and detached cells were collected and lysed in 100 mM Tris (pH 8.0), 20 mM EDTA, 0.8% N-laurylsarcosine sodium salt on ice. The lysates were incubated with 0.2 mg/ml RNase A for 1 h at 37°C, then with 4 mg/ml Proteinase K for O/N at 50°C. The DNA was precipitated by adding an equal volume of isopropanol, and loaded on to 2% agarose gels and electrophoresed in 1X TBE buffer for 3 h. Gels were photographed under UV light. Cell Proliferation and Viability Assay Cells were seeded at 5ϫ10 3 cells/ml in 96-well microplates and allowed to attach for 24 h. Amentoflavone was added to the medium at various concentrations up to 100 mM. After treatment, cell cytotoxicity and/or proliferation was assessed by Cell Counting Kit8 (CCK8). Briefly, highly water-soluble tetrazolium salt, WST-8[2-(2-methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium, monosodium salt], produced an orange colored water-soluble product, formazan. The amount of formazan dye generated by dehydrogenases in cells was directly proportional to the number of living cells. CCK8 (10 ml) was added to each well and incubated for 3 h at 37°C, then cell proliferation and cytotoxicity were assessed by measuring the absorbance at 450 nm using microplate reader. Three replicated wells were used for each experimental condition.
RESULTS
Amentoflavone Inhibited FASN Activity in Vitro
The pharmacological inhibitors of FASN are receiving increasing attention as suggested by recent reports indicating that FSAN may represent a molecular bridge connecting obesity and cancer. 20) Previously, some natural flavonoids were found to inhibit FASN, with IC 50 values ranging from 2 to 112 mM, 21) but no further reports of natural flavonoids in fatty acid metabolism were published. Therefore we screened medicinal plants using an FASN activity assay and selected S. tamariscina (IC 50 value of 72.15Ϯ0.34 mg/ml) for this particular study. A bioactive compound was extracted and isolated from the plant and identified amentoflavone, a naturally occurring biflavonoid of Ն95% purity (Fig. 1) . After purification, we examined the effect of amentoflavone on FASN ac-tivity in vitro. As shown in Fig. 2 , amentoflavone showed a dose-dependent decrease and significant inhibition of FASN activity by 63.7% at 50 mM, 83% at 75 mM and 92.4% at 100 mM. The positive control, cerulenin, decreased FASN activity by 71.4% at a dose of 50 mM. These results indicated that amentoflavone may have potently blocked FASN activity and may thus be a potential FASN inhibitor.
Amentoflavone Inhibited Fatty Acid Synthesis in FASN-Overexpressed SK-BR-3 Breast Cancer Cells To determine FASN expression in SK-BR-3 breast cancer and NIH-3T3 normal cells, Western blotting was performed. This study showed that SK-BR-3 cells were FASN-positive with higher FASN expression than NIH-3T3 (Fig. 3A) . To characterize the effect of amentoflavone on fatty acid synthesis, FASN-overexpressed SK-BR-3 cells were cultured, and incubated for 24 h in media supplemented with amentoflavone at varying concentrations. Fatty acid synthesis activity was measured by the incorporation of [ 3 H]acetyl-CoA into total cellular lipids. The results showed that amentoflavone decreased fatty acid synthesis by 12.7% at 25 mM, 54.4% at 50 mM, 77.4% at 75 mM and 83% at 100 mM, compared to the negative control (NC) (Fig. 3B) . Meanwhile, cerulenin as the positive control suppressed fatty acid synthesis by 57% at 50 mM. These findings indicated that amentoflavone was a novel FASN-inhibitor that was effective on the cellular level.
Activation of Caspase-3 was Involved in Amentoflavone-Induced Apoptosis Several reports indicated a potential role for FASN as a therapeutic target in a wide range of cancers. Chemical FASN blockers such as cerulenin and C75, formerly characterized as antitumor cytotoxic agents, may act as therapeutic moieties in breast cancers. 22) We thus examined whether the novel FASN inhibitor amentoflavone, could deplete FASN-expression and influence apoptosis and cell death through activation of caspase-3 and PARP using SK-BR-3 breast cancer cells. First we observed a decrease of FASN expression by amentoflavone, although the magnitude of depletion was not very prominent (Fig. 4A ). Caspase-3 is a critical executioner of apoptosis, as it is either partially or totally responsible for the proteolytic cleavage of many key proteins such as the nuclear enzyme PARP, which plays an important role in condensation and degradation of chromatin of cells going through apoptosis. Activation of caspase-3 requires the proteolytic processing of its inactive zymogen (34 kDa) into activated p18 and p20 fragments. PARP (116 kDa) is also cleaved into a p85 fragment by induction of apoptosis. The results of the present study showed that amentoflavone was able to initiate activation of caspase-3-dependent apoptosis and PARP cleavage at 75 mM. This was followed by a dramatic activation after treatment with 100 mM of amentoflavone (Fig. 4A) . To further confirm the involvement of caspases, including caspase-3, in the apoptosis induced by amentoflavone, SK-BR-3 cells were pretreated with the pan-caspase inhibitor Z-VAD-FMK for 2 h, followed by amentoflavone treatment. The caspase inhibitor completely rescued the cells from the PARP cleavage induced by amentoflavone (Fig. 4B) . No effects of amentoflavone on caspase-3-dependent apoptosis and PARP cleavage in FASNnonexpressed NIH-3T3 normal cells (Fig. 4C) . These findings underlined the capacity of amentoflavone to stimulate caspase-3-induced apoptosis on FASN-expressed SK-BR-3 cells. Amentoflavone Stimulated DNA Fragmentation To further confirm whether apoptosis was induced by amentoflavone in SK-BR-3 cells, electrophoretic analysis of fragmented DNA was conducted. SK-BR-3 cells were treated with various concentrations of amentoflavone or a positive control (10 mM), and then low-molecular weight DNA fragments were extracted and visualized by electrophoresis. The electrophoretic separation of the fragments yielded a ladder-like pattern observed after treatment of cells with 100 mM amentoflavone, but not 50 mM (Fig. 5A) . No DNA fragment was observed with a concentration of 100 mM of amentoflavone in FASN-nonexpressed NIH-3T3 normal cells (Fig. 5B) . The results supported the postulation that amentoflavone was able to activate apoptosis in FASN-expressed SK-BR-3 cells.
Amentoflavone Decreased Proliferation of Breast Cancer Cells The antiproliferative effect of amentoflavone on SK-BR-3 cells was examined by exposing the cells to amentoflavone for 12, 24 and 48 h. Following treatment with amentoflavone, cell growth was inhibited by 2.7% after 12 h and 23% after 24 h. Cell growth was dramatically suppressed by 80% after 48 h post amentoflavone treatment, when compared to the negative control (0 h) (Fig. 6A ). After treatment with amentoflavone for 48 h, a dose-dependent inhibition of cell viability was observed by 3.7% at 25 mM, 24% at 50 mM, 67% at 75 mM and 82.7% at 100 mM (Fig. 6B) . No significant effects of amentoflavone on cell proliferation in FASN-nonexpressed NIH-3T3 normal cells were observed in both doseand time-dependent manners. To confirm that growth inhibition was due to FASN inhibition, we investigated the effects of amentoflavone on cell proliferation in another FASN-overexpressed cell line, LNCaP human prostate cancer cells. Similar results were obtained (data not shown). The results showed that amentoflavone might be an antiproliferative agent particularly in FASN-expressed cancer cells. DISCUSSION FASN, capable of de novo fatty acid synthesis, is highly expressed in most aggressive human breast carcinomas. The expression of FASN is an indicator of poor prognosis in breast cancer and is found to be elevated in the blood of cancer patients. Inhibition of FASN-expression is selectively cytotoxic to human breast cancer cells.
3) Why inhibition of fatty acid synthesis selectively kills cancer cells remains unclear. Previous studies explored the inhibition of fatty acid synthesis through FASN-inhibition, which induced apoptosis under a number of modulated pathways. 13, 25) For instance, nonfunctioning p53 proteins by pharmacological inhibition and small interfering RNA (siRNA)-mediated gene silencing, HER2/neu regulation, p-Akt downregulation, [26] [27] [28] [29] and recently endoplasmic reticulum stress response were reported. 4) Thus, high levels of FASN expression and its association with tumor prognosis, led to the exploration of FASN as a drug target for cancer therapy. Furthermore, the FASN-overexpressed aggressiveness of cancers is partly attributed to its resistance to chemotherapeutic agent-induced apoptosis. To overcome the apoptotic resistance offered by breast cancer cells, novel agents that possess high therapeutic potential with less systemic toxicity are being evaluated worldwide.
Many diet-based polyphenolic agents with high anticancer efficacy and no or acceptable levels of toxicity to normal tissues have been suggested as possible candidates for use by breast cancer patients. Due to low immunogenicity and high stability, natural agents that induce apoptosis may provide the opportunity for minimal acquired drug resistance, decreased mutagenesis, and reduced toxicity. 30) In epidemiological studies, phytochemicals supported the potential role in the prevention and treatment of breast cancer. 31) From an overall perspective, present and previous studies support the postulation that FASN-inhibition lowers chemotherapeutic resistance and retards breast cancer cell growth effectively, with apoptosis playing an important role to their demise. Based on these suggestions, we screened a variety of medicinal plants and selected S. tamariscina, and its major constituent amentoflavone, a natural biflavonoid consisting of an apigenin dimmer, and confirmed the inhibition of lipogenic activity in FASN-overexpressed SK-BR-3 breast cancer cells (Figs. 2, 3) .
Furthermore our results revealed that amentoflavone induced apoptosis in SK-BR-3 breast cancer cells. Apoptosis is a major form of cell death and has become a novel target for cancer chemoprevention and chemotherapy in recent years. 32) Since amentoflavone has been widely used for advanced cancer treatment, 18) and FASN-inhibitors have been shown to be involved in apoptosis through caspase-3 activation and PARP cleavage, FASN-inhibitors may possess great potential to be used in the stimulation of apoptosis particularly in aggressive breast cancer cells. 33) Specific FASN-inhibitors, including cerulenin, C75, triclosan and orlistat, have been reported to possess anti-cancer activity. 8) Like other FASNinhibitors, which were suggested to stimulate apoptosis in MCF7, MDA-MB-231 and SK-BR-3 breast cancer cells, 34) amentoflavone also induced caspase-3-dependent apoptosis and subsequently activated PARP cleavage and DNA fragmentation in SK-BR-3 cells (Figs. 4, 5) . Apart from caspasedependent apoptosis, it seems that FASN-inhibitors exert their growth-inhibitory effect via p21 and cell cycle arrest. 33) Inhibition of FASN activity by amentoflavone caused inhibition of SK-BR-3 breast cancer cell growth in our study (Fig.  6 ).
In conclusion, we showed that amentoflavone isolated from S. tamariscina exerted FASN-inhibitory activity, induced caspase-dependent apoptosis, and decreased the proliferation of FASN-overexpressed SK-BR-3 breast cancer cells. The reduction of lipid synthesis by amentoflavone stimulated major apoptosis indicators, including caspase-3 and PARP activations as well as DNA fragmentation, dramatically decreasing the growth of breast cancer cells without toxicity to normal cells. Therefore, we propose that amentoflavone, a novel FASN-inhibitor, has the potential to delay cancer progression and induce apoptosis, properties essential for cancer therapy particularly in aggressive breast carcinoma. We recommend that further studies be conducted to investigate the molecular mechanism of action involved in the link between fatty acid metabolism and apoptosis.
